The legislation for the protection and conservation of caves is recent in Brazil. In 2008, the Decree 6.640 was enacted and in 2009, the Normative Instruction Nº 2 by the Brazilian Environment Ministry (MMA, Portuguese acronyms) was published. Mining operations cause a significant impact on the caves when they are present in or next to the mineral body. The impacts include the suppression of cavities and impacts on physical and bio-speleological stability of the caves. On the other hand, the actual legislation causes a significant impact on the mineable reserves when cavities are present. This article aims to assess the impact of the natural cavities on the feasibility of a mining project, based on the federal legislation, as well as to propose alternatives to combine mining activity with cave protection. For this research, three scenarios of open pit for a hypothetical ore body were considered for the assessments. This paper presents the results achieved for the three and comments on the necessity of researches to conciliate the conservation of the natural underground cavities with the mining activities.
Introduction
Natural underground cavities or caves, as popularly known are hollow spaces in a rock mass formed by a type of geologic process (POULSON and WHITE, 1969, FORD, 1988; BRA-SIL,1990 ). Activities such as mining, directly interfere in the natural heritage and can also interfere in the cultural heritage, when they are destroyed and modify the ecosystem and archaeo-palaeontological sites. Caves along with the environment, are directly affected in these processes.
To promote sustainable development and mitigate the conflicts regarding the environment and the productive segment, many countries have defined rules and have established standards for operations that have an impact on the environment. The legislation that regulates the use and conservation of natural cavities is recent. The last published acts are Decree 6.640/2008 and the Normative Instruction Number 02 of the Brazilian Environment Ministry (Ministério de Meio Ambiente -MMA). These acts regulate the classification of the natural underground cavities in 4 degrees: Maximum, High, Medium, and Low Speleological Relevance, and define their protection radius.
Depending on the number of highly relevant caves present in the mining area, these cavities in some cases, can derail enterprises both in the initial installation phase and in the operating phase. Thus, the recent change in the Brazilian Speleological legislation, related to the lack of specific works that conciliate mining activities and preserve natural underground cavities, justifies a study about the economic impact of the new legislation on the mineable reserve and on alternative mining projects that guarantee the protection of cavities and enables the maximization of the use of mineral resources. The objective of this study is to evaluate the feasibility of a mining project in the presence of natural underground cavities.
Methodology
For this study, a bibliographic review was necessary to contextualize environmental legislation about protection of cavities and all of the diverse mining operations that directly impact these cavities. To achieve the proposed objectives, a case study was adopted. In the choice of this case, adopted as essential criteria were: the presence of natural underground cavities in the area, the existence of carbonate rock occurrence of economic interest, and the viability for the mining and commercialization of the mineral good.
The karstic region of Arcos-Paíns-Doresópolis-Iguatema was chosen because it met the established criteria (Figure 1 ).
Figure 1
Location of the area of study 
Protection Legislation
The most recent legislative acts concerning the protection of the national speleological heritage collection are: Decree 6.640 (2008) and the Environment Ministry Normative Instruction Number 2 (2009) (BRASIL, 2008 and 2009) . The current law establishes the criteria for establishing the valuation according to several factors that are decisive for whether to allow or not the realization of any irreversible interference in the cavity; in other words, the suppression of this cave. According to the legislation, the cavities are classified in 4 degrees of speleological relevance (Maximum, High, Medium and Low). For each relevance degree a measure of protection or compensation is adopted.
The natural cavities classified as maximum speleological relevance are the only cavities that aren't inclined to be targeted by any impact. This is the only type of cavity that can completely derail a mining project depending on some variables, such as the positioning of it within the ore body being considered. The cavities classified as high speleological relevance can be suppressed if two cavities with the same characteristics are preserved, and if there aren't two cavities around, the governmental organ will be in charge of proposing other compensatory measures. In the case of cavities classified as medium speleological relevance, the responsible organ should provide a financial compensation. For the cavities of low relevance, no compensatory measure is necessary.
The legislation also sets the influence radius (or a protection radius) for a cavity as being the horizontal projection of the outer contour of the cavity plus the minimum of 250 m. The protection radius helps to protect the cavity and its surrounding, as the external area has a direct influence on the events and interactions that occur within the cave's environment.
Cavities Used and Speleological Zoning
In the compilation of the speleological research completed in the region, around 200 cavities were identified in the surrounding area of this study. These data are from surveys of primary data executed in the area, and also of secondary data collected in the CECAV database (Figure 3) . Table 1 Definition of scenarios and their characteristics Figure 3 Cavities present in the area of study, special attention to the DNPM polygon.
The cavities present inside and around as far as 250 meters away from the polygon DNPM were valued according to the presence or absence of attributes regulated by the Normative Instruction 02/2009, of the Environment Ministry, in accordance with article 5 of Decree 99556/1990, amended by Decree 6640/2008. These studies revealed the presence of 5 high relevance cavities, 14 medium relevance and 48 low relevance cavities.
After performing the valuation of the cavities, it was possible to determine the speleological zoning that aims to define areas of maximum, high, medium or low speleological relevance in function of the cavities' areas of influence present there. The influence area of a cavity was established by a radius of 250 meters from the outer contour of its horizontal projection, as defined in the IBAMA Ordinance 
Mine Planning and Definition of Pit Boundaries
The mine planning, more precisely the pit boundaries and other installations, should respect the environmental and geometrical restrictions of the field, and also the technical and operational constraints for full development of the mine. Environmental restriction imposed by the cavities is an extremely important factor and should be evaluated with caution. The pit boundaries were established based on the influence areas of the cavities present in the area. With the aid of Micromine software, based on the speleological zoning and on the orebody geometry, an open pit was designed for each proposed scenario. With the pit projects designed, it was possible to estimate the mineable reserve for each scenario and, consequently, evaluate its feasibility.
Scenario 1 2.5 Scenario 2 2.6 Scenario 3
The pit boundaries for Scenario 1 are restricted only to the polygon DNPM, and the geology of the body and all of the cavities present in the area are subject to suppression. Thus, there are no restrictions regarding the pit boundaries due to the cavities. The total estimated mineable reserve for Scenario 1 is 49.1 Mt of ore (75% of the total reserve), 34.2 Mt of waste and a stripping ratio of 0.7:1 ( Figure  5 , left).
The pit boundaries for Scenario 2 are restricted to only those zones that are away from the influence of high and medium speleological relevance cavities, and the restrictions due to the geographic limits of the polygon DNPM and ore body geometry. The total estimated mineable reserve for 
Results
An economic exploiting plan was prepared for each proposed scenario based on the calculation of its mineable reserve, on its given investment costs (CAPEX) and its operational costs (OPEX), which allowed a further economic viability analysis for each case, based on a development with a monthly output of 120,000 t, an estimated recovery of 90%, and the selling price of the product equal to R$30.00/ ton. These figures were compiled from various Economic Exploitation Plan (PAE) private companies, according to HARTMAN, (1992 and 2002) and HUSTRULID and KUCHTA, (1979) .
CAPEX involves all infrastructure investments, and improvements needed for the installation of the mining operation. For this study the investments amounted to R$ 6,890,000,00 and are the same for the three scenarios. These costs are listed in Table 2 . OPEX involves all the costs inherent to the operation (i.e. production costs). In the three scenarios, the same configuration is used for the workforce, equipment fleet and expenses with the unit and auxiliary operations. Operating costs are listed in Table 3 (AQUINO, 2014). Table 2 CAPEX investment needed and to cover the operational costs. On the other hand, the results obtained for scenarios 1 and 3 show to be promising, but with some differences. Tax -9,597 -9,597 -9,597 -9,597 -10,030 -10,030 -9,597 -9,597 -9,597 -9,597 -26,329 -26,329 -26,329 -26,329 -26,329 -26,329 -26,329 -26,329 -26,329 -26 -9,325 -9,325 -9,325 -9,325 -9,325 -9,758 -9,325 -9,325 -9,325 [20] [21] [22] [23] [24] [25] [26] [27] [20] [21] [22] [23] [24] [25] [26] [27] [20] [21] [22] [23] [24] [25] [26] [27] [20] [21] [22] [23] [24] [25] [26] [27] 020 27, [20] [21] [22] [23] [24] [25] [26] [27] Table 7 Comparasion between Scenarios 1 and 3
Opex
Both projects have an IRR above the minimum attractiveness rate, since these values ensure and prove the feasibility of the project. Based on the data, Scenario 1 seems to be more advantageous than Scenario 3, thanks to a real net income and a current value index greater than Scenario 3, in addition to having an inferior return period for the investments. Scenario 1 has a better financial return for the investors in spite of having a greater initial investment. In terms of decision-making, Scenario 1 seems to be the better choice for shareholders and for the local community, due to its high profitability and longevity of the operation, approximately 31 years.
The proposal for Scenario 3 should not be immediately dismissed. It can be used as an alternative plan, if in the worst case-scenario, the permission for the realization of suppression of cavities necessary for the mine development cannot be granted from the responsible environmental agency, or if the compensatory measures required have values higher than those expected for the project. In case of no permission is granted for the suppression of cavities, or in case the compensatory measures required imply a high implantation cost, Scenario 3 also becomes attractive and competes with Scenario 1.
Conclusions
Mining like any other branch of industry is required for the maintenance of society, since directly or indirectly it provides raw materials for several industrial sectors. But that doesn't mean that environmental issues should be forgotten or put into the background.
Recent modifications in the protection legislation for natural underground cavities divide the opinions of specialists. Taking the miners' viewpoint, these alterations were positive for the sector, for the fact that it adopts well-defined criteria, a little subjective in a certain way, but effective in the determination of how much a cavity can represent a risk for the enterprise development.
If during the environmental licensing process, natural cavities are found that could affect negatively the development of a mining project, researches on the reduction of the protection radius, defined by law, will be paramount. Such studies should involve the physical stability of cavities, as well as biospeleological conditions. Conducting preliminary researches about the existence of cavities should be done using the database available on the Brazilian Speleological Society (SBE) and of National Cavities Conservation and Research Centre (CECAV) sites. It is recommended, when possible, to conduct a recognition survey of the speleological potential of the chosen area.
Studying the relationship of natural cavities with mining projects, it is especially important in the current context for carbonate rocks, and more recently, iron ore deposits due to environmental issues, the maintenance of economic growth, and the increasing need for raw material from ore goods. Several factors must be analyzed to determine whether a project is possible or not, and one of these factors is the existence of cavities with important attributes.
